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ABSTRACT 
 Wear behavior of heat treated 1060 steel under sliding or pure rolling conditions have been 
studied well but how pure rolling affect wear behavior needs clearer relationship. Therefore, more 
investigation needs to be done in order to generate a complete relationship. Vacuum heat treated 
1060 steel disks with 35mm on both radius and curved side edges were selected as experimental 
materials due to its content and mechanical properties similarities with rail steel. All experiments 
were conducted by a twin-disk tribometer that could control rotating speed precisely and separately. 
In total 4 experiments were completed with pure rolling phase followed by sliding phase in which 
the former covered 0%, 4.17%, 16.67% and 66.67% of the total experiment, respectively. Wear 
track width and deformation track width were measured from pictures and used to calculate wear 
volume, wear rate as well as maximum contact pressures over the whole experiment. Results from 
wear rate, hardness tests and scanning electronic microscope (SEM) presented increasing wear 
rate, hardened microstructures and smaller lamella spacing as duration of pure rolling increased. 
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CHAPTER 1: INTRODUCTION 
Wheel-track systems are the foundation of rail systems. The high carrying capability with 
low fuel consumption directly comes from small contact areas between each wheel and track. 
Typically, a freight railcar in United States is able to withstand 170 tons of cargo, which could 
lead to more than 1 GPa of normal stress at the center of the contact area. Thus, the wear of wheels 
and tracks became one of the major concerns of rail road companies. While operating, any failure 
could lead to a derailment that not only causes financial losses but also compromises people’s lives.  
 Under such background, precisely monitoring and predicting the wear of wheel-track 
systems under different conditions became important. Among all factors that could affect wear 
behavior, climate condition is one of the most influential ones since it directly affects the humidity 
of air, which wheels and tracks are fully exposed to. As a result, wear mechanism and history 
became more complicated and unpredictable. While the effect of sliding (severe wear) on pure 
rolling (light wear) has been investigated under different conditions [1-3], the opposite relationship 
still remain unclear. Therefore, it is crucial to investigate the effect of pure rolling on sliding wear 
and its microstructures beneath the surface. 
 Within the long developing history of Material Science and Tribology, there are proven 
wear models for steels like Bolton & Layton [4] and Krause & Poll [5]. However, their models are 
not suitable for this specific topic because they did not consider any free rolling conditions. When 
comes to the work of combining rolling and sliding conditions, Tyfour et al [1] made a conclusion 
that initial sliding phase would accelerate Rolling Contact Fatigue (RCF), but they were not able 
to find the result in the opposite sequence. 
In addition, Hardwick [2] found out that, with presence of RCF damage, low viscosity 
lubricants accelerated crack growth beneath the surface and high viscosity grease-based lubricants 
could cause spalling. Maya-Johnson [3] also conducted a series of experiment with different 
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lubricants and he believed that sliding phase had even less wear rate compared with lubricated 
phase due to the presence of delamination caused by large cracks and spalling.  
In this present work, a positive relationship between wear rate and pure rolling fraction 
(0%, 4.16%, 16.67% and 66.67% of total experiment, respectively) is expected along with more 
condensed pearlite structures generated beneath the surface. The condensed structures have been 
observed and confirmed by Chen et al [6]. However, hardness at top surfaces were not expected 
to be higher than rest of areas. As both Chen [6,7] and Seo [8] investigated microstructures after 
pure rolling, they found out that hardness at surface in pure rolling did not increase as much as it 
does in sliding (Figure 13 in Seo’s work). At the same time, they observed decreased pearlite 
lamella spacing at both surface and 0.2 mm depth (section 3 in Chen’s work). In addition, Chen 
and his team spotted white etching layers (WEL) in pure rolling experiments, which compromised 
microstructures of pearlite and its mechanical properties. 
 Even though these works provide new perspective on how steel behaves with wear, none 
of them investigated combinations of pure rolling and sliding phases. In reality, reports [9,10] 
concludes that climate change has great impacts on operations of trains in U.S., especially in 
extreme weather changes. Under weather alternations, trains operated in lower speed for safety 
factors, but weather-related accidents still happened more frequently. Michael [9] concluded that 
rains and frost increased slipping (low friction condition, could be interpreted as pure rolling phase 
in this work) between wheels and tracks. As weather conditions are relatively unpredictable, 
investigations of how pure rolling influence sliding is necessary and urgent in order to help 
predicting wear behavior more accurately.  
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CHAPTER 2: SPECIMEN PREPARATION & EXPERIMENT METHOD 
2.1 TWIN DISK TRIBOMETER 
Within this project, all alternating phase experiments were conducted through the twin disk 
tribometer [11]. In brief, this tribometer is capable of loading two disks at a time and control the 
rotating speed separately with precision to 1 rpm (range from 1- 144 rpm). As shown below in 
figure 1, each disk is connected to an independent motor through a shaft and their speeds are 
controlled individually by controllers. At the same time, a normal force could be added at the 
centerline of two disks by a pneumatic valve. 
Figure 1. Twin Disk Tribometer Design [11] with general view (left) and top view (right) 
 A torque sensor and a load cell (FUTEK Advanced Sensor Technology, Inc, Irvine CA, 
USA, model TRS605 & LRF350) provided real-time torque feedback and applied loads 
information. All data were collected and processed by LabView program afterwards. 
2.2 MATERIAL MACHINING 
All samples were annealed 1060 steel cut with 88.9 mm (3.5 in) diameter and 19.05 mm 
(0.75 in) thickness (Speedway Steel, Indianapolis IN, USA). All of them were machined down to 
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86mm diameter to prepare for heat treatment. Afterwards, they were machined down again to reach 
desired dimensions (70 mm diameter). 
Figure 2. Original steel cut (left) and final product (right) 
Figure 3. Geometry of test samples, unit in mm 
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2.3 MATERIAL HEAT TREATMENT  
 While steel cut from rail or track is difficult to acquire, 1060 Steels were selected as 
experiment materials due to its easy access and component similarities with rail steels.  
Table 1. Composition of standard 1060 steel 
Steel Name Carbon (C) % Manganese (Mn) % Sulfur (S) % Phosphorous (P) % 
1060 0.55-0.65 0.6-0.9 0.05 0.04 
 Pearlite structure (a combination of 88% Ferrite and 12% Cementite in weight) is the main 
microstructure for rail steels due to its high tensile strength. Such hard microstructure helps wheels 
and tracks to withstand high load with relatively low deformation. There are multiple heat 
treatment procedures to acquire pearlite structure. For this series of experiments, such work was 
delivered to professional heat treatment service company (ThermTech, Wisconsin WI, USA). 
Figure 4. Pearlite structure under SEM. This sample was polished up to 0.3-micron aluminum 
oxide powder slurry followed by 4 seconds of 2% Nital etching 
At the end, 80% of pearlite structure was acquired from 1060 steel through the following 
procedure (Figure 5): 
1. Austenitization at 845 °C for about 1.5 hours to acquire fully austenite  
2. Gradually drop temperature to about 425 °C within 4 hours and hold for another 1 hour 
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3. Quench in Nitrogen to room temperature to lock the structure 
This specific procedure was compared to TTT diagram of 1060 steel and they successfully 
verified each other. As shown in the TTT diagram (Figure 6), 845 °C at the beginning was beyond 
the diagram maximum limit, means that microstructure underwent austenitization by staying at 
this temperature. Then, as gradually decrease temperature to 425 °C, Ferrite and Cementite is 
formed and with Nitrogen quenching at the end, this type of microstructure is locked.  
Figure 5. Detailed heat treatment process for specimens 
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Figure 6. 1060 Steel TTT diagram 
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2.4 EXPERIMENTAL METHOD 
 In order to isolate the effect of free rolling on the wear behavior, fraction of pure rolling 
phase was selected as the only changing variable. There are four experiments in total with initial 
1.55 GPa (accordingly 500 N normal force, calculated by Hertzian contact model with equations 
9-16) contact pressure at the center of contact area. In pure rolling phases, loading side shaft was 
completely disconnected from the motor and only driven by friction force. In sliding phases, 
rotational speeds for operating side motor and loading side motor were fixed at 135 rpm and 136 
rpm respectively in order to apply 1% slip. The percent slip and speeds were chosen following 
established procedures in twin disk rolling-sliding literature like that of Wang et al [12-14]. The 
speeds are calculated by the following equation: 
                                                                 (1) 
where 𝜔" is Operator side motor speed, 𝜔# is Loading side motor speed, 𝑟" is radius of Operator 
side disk, 𝑟# is radius of Loading side disk. 
 Total length of each experiment was 179 minutes calculated from operating side speed. A 
high-resolution camera (The Imaging Source, Charlotte NC USA, DFK-33GR) was set up 20 cm 
away from the disk and focused on the side of it to record track development. All pictures were 
created by taking a snap photo every 15 seconds. The whole process was uninterrupted except 
phase changing operation: reconnecting loading side shaft and motor through flexible bearing.  
 
Slip(%) =
ω1r1 −ω 2r2
1
2
(ω1r1 +ω 2r2 )
×100
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Table 2. Experiment setting summary 
2.5 WEAR ANALYSIS 
2.5.1 TRACK WIDTH MEASUREMENT 
 Initially, the contact geometry could be described as sphere-sphere. As experiment 
developed, a track at the center of side edge was created along the circumference of sample and 
maximum normal pressure decreased. Since tracks were generated by deformation (pure rolling 
phase) or sliding (sliding phase), they are referred to as “deformation track” and “wear track” 
accordingly.  
In order to keep track of track width, three methods were considered to accomplish this 
task. The most direct way was to record a video of the entire wear experiment which would 
generate a 9-gigabyte video for each experiment (500 megabyte every 10 minutes). The second 
way was to capture pictures by same camera with certain frequency during each experiment. The 
third one was to stop the experiment at multiple times and use profilometer to scan the surface. 
However, it would be a time-consuming process and the accuracy of time control would be 
compromised if restarted too many times. Considering practicality and accuracy, the second 
method was chosen, and the frequency was set to one picture every 15 seconds which gave us 
Test No. 
Pure rolling cycle 
Fraction (%) 
Switch Time 
(minutes) 
Experiment 
Duration (minutes) 
1 0 N/A 179 
2 4.17 7.41 179 
3 16.67 29.63 179 
4 66.67 118.52 179 
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approximately 710 pictures per experiment. As shown in Figure 7, images are not perfect for track 
width measurements. In order to reduce error, wear tracks were measured from the center of left 
dark edge to that of the right side. It is because that wear track is not flat at all points due to surface 
irregularity. Black edges are places where wear exists but not as severe as shiny part at middle. 
Thus, measurements were taken from the center of black edges to reduce error. Track widths were 
measured directly through image processing since disassembling specimens for width 
measurements are time consuming and unnecessary. All images were analyzed through ImageJ, 
and track widths were measured based on known thickness of each disk. Thickness data were 
prepared in advance by taking 4 measurements through Vernier caliper (Mitutoyo, Kawasaki Japan, 
Model 500-784) at four evenly spread positions (i.e. 0°, 90°, 180° & 270° around the radius).  
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Figure 7. Set scale of thickness of disk as known distance 
 After setting up the thickness, track width could be measured by the ratio of pixels covered 
by the target line. An example is shown in Figure 8 below. 
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Figure 8. Target line measurement of experiment 3 operating disk with unit of mm 
At each picture, two locations with approximately 1 cm apart circumferentially were 
selected for measurements and their average was taken as the track width for the picture. However, 
with 710 pictures each experiment, approximately 2 minutes for measurement of each picture and 
pressure at center decreased dramatically after first a few minutes, we expected and observed that 
track width increased in a very slow pace in which measuring every single picture in this part of 
process was unnecessary. Thus, a picture filtering method was adopted to improve efficiency while 
maintaining the quality of data. There were three major different picture intervals that were chosen: 
15 second (1 picture), 2 minutes (8 pictures) and 16 minutes (64 pictures) to reduce the time 
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required for measurement and they were adopted separately based on the growth speed of track 
width. To be more specific, the requirement for shifting to a longer interval is the growth rate of 
track width of the current one. If the variation of past 5-10 values is quite small which means that 
current interval is not able to represent the growth of track width efficiently, a longer picture 
interval would be applied. As a result, within first 2-4 minutes of each stage (free-rolling stage and 
wear stage), track width increases rapidly so that each picture was measured (every 15 seconds) in 
order to capture the fast growth of track width. Then, from approximately 4 - 20 minutes of each 
stage, track width growth decreased as contact pressure reduced so that a picture was measured 
every two minutes. Finally, a picture every 16 minutes was measured until the end of the stage as 
track width was approaching steady state.  
2.5.2 WEAR VOLUME CALCULATION 
 In order to acquire wear rate, measuring the mass loss by scale after experiments is applied 
by Hardwick et al [2] and Santiago et al [3]. However, the dimensions of their samples were 47 
mm diameter and 10 mm thickness which is only 35% of the weight of samples used in this work. 
Furthermore, their experiments focused on sliding instead of rolling in which more wear was 
generated. Within present project, scientific scales are not sensitive enough to measure mass loss 
in milligram level with approximately 400 grams of weight originally.  Thus, without mass 
measurements, volume was acquired by geometry calculation from measurements of track width. 
 As illustrated in figure 9, cross-sectional wear area A could be calculated as 
                                                                                                        (2) 
where θ is the angle generated by track width to the centerline XX, a is the track width and R is 
the radius of disk.  
A = R
2
2
(θ − sinθ )
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With 𝑅 as the distance between area center of A and centerline of loading axis, it could 
be represented as  
                                                                                         (3) 
Thus, wear volume △ 𝑉 is the wear area A revolving around axis XX, which gives us 
                                                  (4) 
 By taking  
                                                                              (5) 
The volume loss is simplified as  
                                                                                        (6) 
Figure 9. Cross-sectional view of test disks with wear area marked in gray and track width 
presented as “a” 
R = 4R
3
sin3(θ / 2)
(θ − sinθ )
ΔV = R
2
2
(θ − sinθ ) ⋅2π ⋅ 4R
3
sin3(θ / 2)
(θ − sinθ )
sin(θ
2
) = a
2R
ΔV = πa
3
6
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2.5.3 WEAR RATE CALCULATION 
Wear rate is a useful and simple term to describe the wear behavior of certain material but 
there are multiple definitions that are used commonly. Hardwick et al [2], Santiago [3] and 
W.J.Wang et al [13] defined wear rate as the ratio of mass and distance covered by sample. But 
we decided to follow Archard wear law [15] where wear rate is defined as the ratio of volume loss 
and the product of distance covered by sample and normal load because the normal load for each 
experiment was not exactly 500 N due to human interaction and vibrations of tribometer. To be 
more specific, wear was only generated in the sliding phase so that only the distance covered by 
sample in sliding phase was used in calculation. Finally, the wear rate was calculated as  
                                                                           (7) 
2.5.4 UNCERTAINTY ANALYSIS 
 Uncertainty analysis is necessary for measurements in order to justify their accuracy. 
Within this project, uncertainty analysis was conducted on both measurements of track width and 
timeline. The general procedure to determine the uncertainty of track width was selecting 1 picture 
from each experiment and measuring track width at 5 different locations circumferentially. Then 
calculate the standard deviation of the 5 measurements. Statistically,  
              																																		(8)	
Thus, finally, normal distribution with 95% confidence level was selected which critical 
value is 1.96 and the error becomes (1.96*standard deviation) accordingly. For each experiment, 
the picture at the middle of timeline was chosen and 5 different locations were selected as shown 
in figure 10. At each location (ℓ𝑖), a measurement of track width was done by ImageJ and recorded.  
Timewise, as pictures were taken by software every 15 seconds, the error was ignored. 
wear  rate = ΔV
load ⋅distance
Margin of Error = Critical Value ⋅Standard Deviation
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Figure 10. Example of 5 different measurement locations which covers approximately 40% of 
circumference  
2.5.5 CONTACT PRESSURE & MAXIMUM SHEAR CALCULATION 
 Contact pressure and according maximum shear depth could be used as references for 
locations when conducting Nanoindentation and SEM analysis. Contact pressure could generate 
surface hardening if large enough. Maximum shear depth tells us where the largest shear stress is 
located so that hardness might be different. External loadings on specimens were chosen to 
replicate the conditions of heavy-load freight rail carts contact points. Typically, a freight rail carts 
are able to carry more than 170 tons of cargo. With four axles on each cart and 8 wheels in total, 
contact pressure could reach 1.2 – 1.5 GPa. In order to precisely control the contact condition, 
Hertzian contact theory were used to calculate contact pressure since using pressure gauge directly 
would add a lot more difficulties on the design of testing device. 
 17 
 Hertzian contact theory [16] is a contact model that simulates the mechanism of two elastic 
bodies with various of geometries. This theory could help us monitor the average and maximum 
contact pressure based on material properties, geometries and normal force. Considering the full 
wear process of all experiments, initial contact mechanism could be determined as spherical 
contact and line contacts for the rest [17].  
 
Figure 11. Spherical (left) and line contact model (right) in Hertzian Contact Theory [16] 
 For spherical contact mechanism, the contact area, maximum contact pressure and shear 
stress could be calculated as 
                                                                                   (9) 
                                                                                    (10) 
                                                                                            (11) 
a = 3W ′R
′E
⎛
⎝⎜
⎞
⎠⎟
1
3
Pmax =
3W
2πa2
τmax =
1
3
Pmax
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where a is radius of circular contact area, W is normal force applied on disks, R’ is reduced radius 
of convex, E’ is reduced Young’s modulus, P012  is maximum contact pressure and τ012  is 
maximum shear stress. 
 Similar to spherical contact mechanism, parameters for line contact mechanism could be 
calculated as 
                                                                                    (12) 
                                                                                         (13) 
                                                                               (14) 
where b is half-width of contact rectangle, l is half-length of contact rectangle, R’ is reduced radius 
of curvature for two parallel cylinders. 
2.5.6 HARDNESS ANALYSIS 
Hardness analysis were done by Triboindenter (BRUKER, Billerica MA USA, 
HYSITRON TI-950). It was able to apply triangle-shaped indentation in Nano-scale at the surface 
of samples during which the load and depth of the indentation could be measured and used to 
calculate mechanical properties (including hardness) of the material. According to Hertzian 
contact theory, shear stress is not uniform across the sample and maximum value exists at certain 
depth beneath the surface. In order to accurately represent deformation and predict hardness 
change, the depth with maximum shear stress could be calculated as:  
                                                   (15) 
                                                               (16) 
where a and b are contact area dimensions. 
b = 4W ′R
π l ′E
⎛
⎝⎜
⎞
⎠⎟
1
2
Pmax =
W
πbl
τmax = 0.304Pmax
Spherical Contact: z = 0.638a
Line Contact: z = 0.786b
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  In order to construct comprehensive hardness map, matrices of 16x10 (160 points in total) 
were set up from 10 µm beneath top surfaces (Figure 12). The interval between indentation points 
was 25 µm in vertical direction and 10 µm in horizontal direction. 
Figure 12. Indentation matrix (16 x 10) of sample 1 viewed by optical profiler with left side 
being the top surface of track 
 Data qualifying process was also applied to exclude outlier data. An outlier are data points 
that deviate from others. Here, we use statistical method to support the observation. By definition, 
the outliers of certain group of data is set by IQR: 
                                               (17) 
                                               (18) 
                                              (19) 
 All data outside of the range is determined as an outlier and all of them are excluded from 
data calculations. 
2.6 SEM PREPARATION & SETTINGS 
2.6.1 POLISHING  
Sample preparation is necessary for hardness analysis. In order to capture the deformation 
under the wear track, disks were cut into 3 mm thick slices by Electrical Discharge Machining 
IQR = 3rd Quartile −  1st Quartile
Minimum = 1st Quartile −1.5IQR
Maximum = 3rd Quartile + 1.5IQR
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(EDM) and polished by hand. Nanoindentation requires direct contact to the target microstructure 
so that we polished one side surface of each sample to expose inner structures.  
 Polishing work (BUEHLER, Lake Bluff IL USA, Model 250) was done in Material 
Research Laboratory. To begin with, 240 grit sand paper was used to remove the rusted top surface. 
Then, 400, 600, 800 and 1200 grit sandpapers were used in sequence to reduce the surface material 
gradually. Polishing direction was rotated 90 degrees when shifting to a finer sandpaper to balance 
the scratch depth. However, sandpaper was not fine enough to polish surfaces into required level. 
Therefore, aluminum oxide powder with cloth polishing pad were used to finalize the polishing 
procedure. At the end, shiny and smooth surfaces were obtained, and they were sealed with 
desiccant to avoid oxidation. 
Figure 13. Polished EDM sample 2 with 0.3-micron Aluminum Oxide 
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2.6.2 NITAL ETCHING  
 Nital Etching is a chemical process that helps revealing the microstructure of carbon steels 
while Nital is a chemical solution contains nitric acid and methanol. Here in this work, the solution 
is prepared in 2% volume concentration (0.5 ml of nitric acid added into 25 ml of methanol). By 
dipping the top of polished samples into the solution for 3 seconds, the steel surfaces get cloudy 
and they were cleaned by running water to prevent further corrosion.  
Figure 14. EDM sample 2 after 2% Nital Etching 
2.6.3 SEM SETTINGS 
 SEM sessions were conducted on JSM-7000F model by approved specialist. In order to 
take clear pictures of the general trend of microstructures, the power was set to 15 kv and samples 
were magnified 1000 times.  
 
 
 
 
 
 
 22 
CHAPTER 3: EXPERIMENT RESULT  
 In this section, results from wear track analysis, nanoindentation and SEM are presented. 
3.1 WEAR TRACK RESULT 
 As described in section 2.5.1, selected pictures were measured by ImageJ in order to 
represent wear trend in a precise and concise way.   
Figure 15. Combined track width of all four experiments with phase shift mark (vertical lines in 
different colors) 
Figure 16. Combined track width of all four experiments with 95 % confidence error bar 
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 From the figure above, track widths increased to approximately 1.5 mm within the first a 
few minutes then decelerated. Afterwards, from figure 17-20, we could see that track width 
accelerated again at the beginning of sliding wear phase and approached steady state at the end.  
The blue and orange parts together completed the track width record with orange parts 
highlighting the fast-growing portion in sliding phase. It started with the first point of sliding phase 
and ended with the last point outside of 95% confidence level of steady state value. 
 In addition, it is worth noting that even though it is predicted that sliding wear should 
consume more material during the process and its portion increases with experiment number, 
experiment 4 has highest final track width followed by experiment 1. For experiment 2, 3, 4, we 
could also see an increasing trend on final track width. Such phenomenon speaks against the typical 
instinct that sliding wear will always play a major part in wear and also suggests that rolling contact 
weakens the microstructure beneath the surface and led to more severe wear along the process.  
Figure 17. Track width of experiment 1 with slope of width growth 
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This postulate was also agreed by the wear slopes presented in figure 17-20. As marked in 
figures, experiment 4 has steepest slope, meaning that wear track increases fastest after pure rolling 
phase. Similar to final track width, slopes of experiment 1,2 & 4 also share an increasing trend.  
Figure 18. Track width of experiment 2 with slope of width growth 
Figure 19. Track width of experiment 3 with slope of width growth 
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Figure 20. Track width of experiment 4 with slope of width growth 
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3.2 WEAR RATE RESULT 
 According to Archard wear law [15], wear rate is defined as the ratio of volume loss and 
the product of normal load and sliding distance. Sliding phase could be divided into two sections 
based on the trend. The first part, where volume loss increment is high within a relatively short 
period, is referred as “run-in” section while the second part is referred as “steady state” section 
since volume loss approached to steady state (Figure 21-24). The slope is rounded to integer in 
figure while more accurate numbers are summarized in table 3. 
Figure 21. Volume Loss Vs. Load*Distance plot for experiment 1 
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Figure 22. Volume Loss Vs. Load*Distance plot for experiment 2 
Figure 23. Volume Loss Vs. Load*Distance plot for experiment 3 
 
 
 
 28 
Figure 24. Volume Loss Vs. Load*Distance plot for experiment 4 
Table 3. Slope of track width increment in run-in sections for all experiments 
Experiment No. 1 2 3 4 
Slope 
Coefficient 
(mm3/Nm) 
5.53E-06 1.50E-06 3.40E-06 1.10E-05 
The slope decreased as fraction of pure rolling phase increased from zero to 4.17% but 
then increased as fraction of pure rolling phase grew. It is worth noting that slope of experiment 
4 is steeper than that of experiment 1 even with fewer sliding cycles. From the first three figures 
(21-23), best fit lines in steady state portion were “flat”, and the slope is 10-100 times less than 
their own run-in sections. Thus, it is fair to say that they have reached steady state. However, for 
experiment 4, the slope is at least 7 times steeper compared with other steady state slopes. 
Therefore, we could not make the conclusion that it has reached steady state yet or that its 
steady-state wear rate is much higher due to the preconditioning by pure rolling. 
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3.3 HARDNESS RESULT  
  Hardness analysis of steel structures under wear track is another useful tool to help 
discover the relationship between surface wear behavior and microstructures. Chen et al [6] 
calculated and verified that hardness at 0.2 mm beneath the surface is 10% higher than rest areas 
and Seo [8] found that pure rolling did not change surface hardness as sliding would do. Thus, we 
expected hardness increase more at 0.2 mm under the surface than that at surface. In this work, 
materials were vacuum-heat-treated for pearlite structures and the technology guaranteed uniform 
mechanical properties for each sample so that hardness across the samples was identical before 
experiments started. 
Figure 25. Maximum shear stress depth with respect to time based on track width and the line 
contact model 
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According to the figure above, maximum shear stress existed at z = 0.25 mm at the 
beginning and decreased approximately 28% within the first 15 minutes. Then, it started to reach 
a steady state. Such trend is directly related to the growth of track width. As section 3.1 describes, 
trackwidth increased at the beginning of each experiment due to either wear or deformation. As 
track width widen, maximum contact pressure dropped and caused the decrease of maximum shear 
depth.  
Figure 26. Hardness plot of raw hardness data and average with respect to depth of sample 1 
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Figure 27. Hardness plot of raw hardness data and average with respect to depth of sample 2 
Figure 28. Hardness plot of raw hardness data and average with respect to depth of sample 3 
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Figure 29. Hardness plot of raw hardness data and average with respect to depth of sample 4 
Figure 30. Comparison of average hardness at different depth beneath wear track of all 
experiments 
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Figure 31. Average Hardness plot with respect to rolling & sliding cycles with 95% confidence 
error bar 
By looking at each plot separately and table 4, a trend of average hardness increases at 0.2 
mm beneath top surface does exists even though values are very close to average hardness. In 
addition, if we compare hardness in different samples, we could see that hardness at top surface 
and average hardness is positive related with fraction of pure rolling.  
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Table 4. Average hardness (GPa) data at surface and 0.2 mm beneath the surface for all 
experiments 
Depth Location Experiment 1 Experiment 2 Experiment 3 Experiment 4 
0.05 mm 2.96 3.06 3.37 5.38 
0.2 mm 3.21 3.18 3.45 5.61 
 
3.4 SEM SCANNING RESULTS 
For each sample, three major areas were investigated: area directly beneath wear track, 
depth 0.2 mm and ambient area (area outside of wear track) for comparison purpose. Pictures of 
those three areas were presented below. As shown in figure 32, wear track is oriented to the left 
and center of disk is on the right. For each sample, picture at left was taken at position marked “a”, 
right beneath the surface while the picture on the right was taken at 0.2 mm depth. C is the location 
where ambient pictures was taken (figure 31) in which structures were remain unaffected. 
Figure 32. Schematic figure of locations where SEM pictures were taken and according 
orientations 
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Figure 33. SEM at ambient area (location “c” labeled in figure 30) of sample 2 with less 
condensed microstructure (marked in circle) 
Figure 34. SEM picture beneath (left) and at 200 µm (right) from top surface of Sample 1 
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Figure 35. SEM picture beneath (left) and at 200 µm (right) from top surface of Sample 2 
Figure 36. SEM picture beneath (left) and at 200 µm (right) from top surface of Sample 3 
Figure 37. SEM picture beneath (left) and at 200 µm (right) from top surface of Sample 4 
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Based on the scanning orientation of samples, wear track is located at left side of each 
picture and thus normal load for each experiment was applied from left to right. There are bright 
and dark areas in each photo, which comes from the imperfection of etching process. The line-
shaped layers are pearlite structures. From figures at top surfaces (marked in red circles), we could 
see that microstructures right beneath the wear track was deformed and more condensed compared 
with ambient areas. At the same time, for sample 3, lamella structures at top presented 
discontinuous pearlite structures and lamella structures at surface were broken into short pieces in 
sample 4. At depth of 0.2 mm, all samples presented more oriented structure in the direction 
perpendicular to normal load compared with ambient areas. In addition, lamella spacing at both 
top surfaces and 0.2 mm depth area are smaller than ambient areas (Figure 38). 
Figure 38. Zoomed pearlite structure of sample 2 at ambient area (left) and 0.2 mm depth (right) 
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CHAPTER 4: DISCUSSION & FUTURE WORK 
4.1 TRACK WIDTH & WEAR RATE DISCUSSION 
 According to the results from section 3.1, track width presented a trend of fast growing at 
the beginning of sliding phases. Except for experiment 3, the wear rates for samples are positive 
related with fraction of pure rolling phase, which are 0.0141, 0.0152 and 0.026 mm3/Nm. Data 
for experiment 3 did not fit the trend due to possible measurement errors.  
 As for wear rates, we saw that the run-in wear rates decreased as fraction of pure rolling 
phase became non-zero and then increased as fraction increased. Thus, we could postulate that 
even though pure rolling may not be able to cause wear directly, it is able to weaken the 
microstructure beneath the surface.  
4.2 HARDNESS DISCUSSION 
Hardness measurements generated a clear positive relationship between hardness and pure 
rolling fraction: The larger the fraction of pure rolling phase (slip ratio = 0.0%) the harder the 
material will become. According to Chen’s work [6,7], hardness results in experiment No.16 (1.9 
GPa initial contact pressure with pure rolling only) presents similar trend with our hardness plot. 
Under pure rolling condition of experiment NO.16, he acquired results with soft microstructures 
at top while hardness is highest at depth close to 0.2 mm. By taking TEM scanning, they found out 
that dislocation density had changed while lamella spacing were kept same. This could be 
interpreted as that the shape of grains of pearlite structure did not change as much as their locations. 
As location shifts, pearlite lamellas tend to “lock” themselves which makes it harder to deform. 
Such result provided a great comparison for our data. Even though the hardness data at region 
0.15-0.25mm (150	µm-250	µm) did not change in a great amount as expected, they did present 
approximately 5% larger values than that at top surfaces. In addition, Hertzian theory verified that 
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maximum shear stress supposed to exist at such depth. Similar result was also presented in Seo’s 
work [8]. In figure 13, hardness at top surface with zero slip ratio presented lower value than other 
experiments with non-zero slip rations. In conclusion, under pure rolling phases, shear force driven 
by friction force was not large enough to create microstructure dislocations at the surface and thus 
hardness did not change much. Largest shear force existed at approximately 0.2 mm beneath the 
surface and caused lamella dislocations, but hardness change was negligible according to the 95% 
error bars. The reason that our data is not as apparent as other works may lie in the total time. 
Given more time in rolling, structure under large shear stress acquires more time to dislocate which 
will lead to a more developed status. 
Back to discussion of wear rate, dislocation of pearlite lamella may be an explanation of 
how pure rolling weakens the microstructure. As pure rolling generated dislocations, 
microstructures created more resistance to deformation in normal direction and broken into smaller 
pieces afterwards [6]. Smaller pieces, however, had less resistance for deformation in tangential 
directions. Thus, as wear is more of an effect on tangential direction, the wear rate is increasing as 
fraction of pure rolling increased. 
4.3 SEM DISCUSSION 
We saw that microstructures right beneath the wear track was deformed and became more 
condensed compared with ambient areas. Such result directly came from the extreme compressive 
pressure applied on it. At the same time, lamella structures at region 0.15-0.25mm presented 
discontinuous pearlite structures with smaller layer spacing. It is widely agreed that microstructure 
has great influence on wear behavior [18-24] and according to Chen’s work again, they observed 
similar results under TEM scanning. Their pictures presented that cementite and ferrite structures 
were aligned with surface orientation and most cementite broke into pieces smaller than 0.5 µm. 
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They suggested that this is a clear indication of white etching layer (WEL), a product of pearlite 
transform into nanostructured Fe-C alloy after cyclic plastic deformation. He explained that the 
generation of white etching layer in pearlite structures and states that WEL was a location where 
cracks were more likely to be created.  
Considering data from hardness measurements, it is reasonable to say that as fraction of 
pure rolling increases, spacing of top layer structures became smaller and caused the increase in 
hardness. As time of pure rolling increases, structures tend to dissolve and created WEL, where 
they were hard but weaker and thus resulted in the increase in wear rate.  
4.4 LIMITATIONS & FUTURE WORK 
This series of experiments only focused on how pure rolling effect sliding. There are more 
parameters that could be considered and improvements that could help generate a more complete 
picture of the relationship between pure rolling and sliding. 
 The first possible improvement is repeating experiments under different normal pressures. 
As commonly recognized, different loads will generate huge different contact pressures at contact 
points between wheels and track while normal force (stress) is a major variable in wear trend. Thus, 
only one pressure condition is not enough to discover the difference under various load. 
 Length of experiments is another possible weakness of these experiments. In this work, we 
set 24000 cycles in total based on high normal load and literatures while trains in field usually 
operate under milder condition with longer time. Thus, in order to provide more accurate results, 
one could repeat experiments with lower normal loads and longer time durations. 
 Another way to make this research more completed is to increase alternations between pure 
rolling and sliding phases. The drive for this research is to discover the wear behavior of steel 
under combinations of pure rolling and sliding phases. However, in fields, trains could undergo a  
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few alternations during a trip for a train. Thus, more alternations could provide more confident 
conclusions on this topic.
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CHAPTER 5: CONCLUSIONS 
• As free rolling exists, wear rate is positive related to the fraction of free rolling 
phase for annealed 1060 steel    
•  Surface and microstructures at 0.2 mm depth became harder as fraction of pure 
rolling increased 
• Lamella spacing at top surfaces and 0.2 mm depth is smaller compared with 
original pearlite structures 
• Pearlite structures became shorter as fraction of pure rolling increased and 
broken into smaller pieces at top surfaces. 
            In summary, pure rolling is able to create shear stress beneath top surfaces 
and generate dislocation at such depth. This effect equips the structure with better 
sustainability in normal direction but weaker resistance of wear in tangential 
direction. Even though such effect requires time to develop, it will cause more 
severe wear than sliding in a long term. This effect only covers a small part of the 
relationship between pure rolling and sliding but it reveals that pure rolling may be 
more harmful to steel structures and requires more effort to detect in a long term. 
The experimental and analysis methods applied in this work could be useful for 
future work as they followed established conditions and procedures. Furthermore, 
future research could focus on the transition of pearlite structures to provide a more 
complete picture.
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